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The band structures of ordered and thermally disordered Li2Mo12O34 are calculated by use of ab-
initio DFT-LMTO method. The unusual, very 1-dimensional band dispersion obtained in previous
band calculations is confirmed for the ordered structure, and the overall band structure agrees
reasonably with existing photoemission data. Dispersion and bandstructure perpendicular to the
main dispersive direction is obtained. A temperature dependent band broadening is calculated
from configurations with thermal disorder of the atomic positions within the unit cell. This leads
a band broadening of the two bands at the Fermi energy which can become comparable to their
energy separation. The bands are particularly sensitive to in-plane movements of Mo sites far
from the Li-sites, where the density-of-states is highest. The latter fact makes the effect of Li
vacancies on the two bands relatively small. Spin-polarized band results for the ordered structure
show a surprisingly large exchange enhancement on the high DOS Mo sites. Consequences for spin
fluctuations associated with a cell doubling along the conducting direction are discussed.
PACS numbers:
I. INTRODUCTION.
The Lithium Purple Bronze, (Li0.9Mo6O17) is an un-
usual material which draws attention of research for
nearly three decades [1, 2]. It is a compound with a
rather complicated layered structure [3] and highly 1-
dimensional (1D) electronic interactions [4–6]. Indeed
band calculations with 3D interactions show an electronic
structure with 1D character [5, 6], and with large band
dispersion in the direction perpendicular to the layers.
The band structure shows that two bands are very close
together near the crossing of the Fermi energy, EF .
Because of its one dimensional electronic properties,
the purple bronze is a good playground to study the
physics of one-dimensional interacting fermionic systems,
which is described by the Tomonaga-Luttinger liquid
(TLL) universality class [7]. In fact, several experimental
results [8–12] are consistent with the observation of such
one-dimensional physics.
However some deviations from the simple TLL scaling
are also present. Recent results from angular resolved
photoemission spectroscopy (ARPES), done with very
high resolution by Wang et al [8, 9], indicate some de-
viations from TLL predictions. The exponents for ω and
T dependence are different from predictions from TLL
theory, and yet another exponent is deduced from scan-
ning tunnelling measurements (STM) [10].
It is thus important to examine the possible sources
from such deviations. One possible origin, as with any
quasi-one dimensional system can come from the inter-
chain coupling, which drives the system away from the
one dimensional fixed point. We determined in another
paper, starting from the limit of high energy, a micro-
scopic model incorporating the effects of interactions and
hopping between the chains [13]. Such model applicable
for energies above 30 meV gives results compatible with
a Luttinger liquid description.
In the present paper we focuss on the low energy limit,
and examine using Density Functional Theory (DFT) if
additional ingredients should be incorporated in this pre-
vious description based on a rigid band structure for the
material. In particular we examine whether the thermal
motion of the atoms in the solid can lead to a significant
enough source of disorder that could blur the 1D descrip-
tion. Such effects, in three dimension, are indeed impor-
tant for the properties of certain classes of compounds
with sharp structures of the density-of-states (DOS) near
EF , such as in the B20 compound FeSi [14], and also for
the appearance of the bands in other materials [15–17].
We thus reexamine, in this light, in the present paper
the band structure of the purple bronze. In order to as-
certain the effects of the perpendicular hopping we com-
pute carefully the dispersion in the transverse direction.
In addition we examine the effects of thermal fluctuations
and spin fluctuations.
The plan of the paper is as follows. In Sec. II we de-
scribe the method with the results for ordered structure.
The effect of deviations from the ideal atomic structure,
due e.g. from thermal fluctuations, are given in Sec. III.
Section Sec.IV is dedicated to the effects of static, sub-
stitutional disorder. Results for spin fluctuations and a
discussion of their effects are given in Sec. V. In Sec. VI
we present models of how smearing and partial gaps can
modify photoemission intensities.
II. BAND STRUCTURE.
In this section we apply density functional band the-
ory (DFT) in order to see to what extent it can explain
the unusual photoemission data. In doing so it is impor-
tant to note that effects of thermal disorder and spin-
fluctuations may be important and have to be included
in the density functional approach. The electronic struc-
2ture of Li2Mo12O34 (two formula units of stoichiomet-
ric purple bronze) has been calculated using the Linear
Muffin-Tin Method (LMTO, [18, 19]) in the local den-
sity approximation [20](LDA), with special attention to
effects of structural disorder. The lattice dimension and
atomic positions of the structure have been taken from
Onoda et al [3]. The lattice constant in the conduct-
ing y-direction, b0, is 5.52 A˚and more than two times
larger along the least conducting x-direction a0 = 12.76
A˚. Thus the structure consist of well separated slabs. In
order to adapt the LMTO basis for an open structure as
purple bronze we inserted 56 empty spheres in the most
open parts of the structure. This makes totally 104 sites
within the unit cell. The basis consists of s-,p- and d-
waves for Mo, and s- and p-states for Li, O and empty
spheres, with one ℓ higher for the 3-center terms. Cor-
rections for the overlapping atomic spheres are included.
All atomic sites are assumed to be fully occupied (except
for the case with a vacant Li atom, see section Sec.IV),
and they are all considered as inequivalent in the calcula-
tions. Self-consistency is made using 125 k-points, with
more points for selected paths for the band plots.
The band structure for the undistorted structure is
shown in Figs. 1-3. The total DOS at EF , N(EF ), is not
very large, 2.1 states per cell and eV. The states at EF
are mainly of Mo-d character coming from sites far from
the region containing Li, where locally N(EF ) amounts
to about 0.2 st./eV/Mo. This is less than 1/3 of N(EF )
in bcc Mo.
Two bands, number 139 and 140 (counted from the
lowest of the valence bands), are the only ones cross-
ing EF . It was already pointed out in Ref.[5] that these
two bands originate from zig-zag chains (oriented along
y-axis) which are grouped in pairs (along z-axis). This
is the way each structural slab is built. The two bands
have similar DOS at EF to within 10 percent accuracy.
The Fermi velocity, vyF , along the conducting y-direction
is normal as for a good metal, about 5·105 m/s, but the
ratio between the Fermi velocity in y- and z-directions,
about 50, is compatible with the reported anisotropic 1D-
like resistivity [4]. The velocity along ~x is even smaller
[21]. The bands and the DOS agree reasonably with
the bands calculated by Whangbo and Canadell [5] and
Popovic´ and Satpathy [6] using different DFT methods.
In Figs. 2-3 we show the details of the bands near EF ,
where the band separation and the electronic interac-
tions (or t-integrals in a tight-binding language) can be
extracted. The band dispersion along the conducting the
Γ−Y (or P −K) direction agree well with the measured
results obtained by ARPES [9] showing a flattening of
the two dispersive bands at about 0.4-0.5 eV below EF .
Other bands are found about 0.25 eV below EF . The
calculated structures A,B,C and D are identified on the
bands in the P − K direction in Fig. 2 at 0.6 (0.6), 0.4
(0.3), 0.6 (0.5) and 0.5 (0.4) eV below EF , respectively,
where the values within parentheses are taken from the
photoemission data of Ref. 9. Thus, there is an upward
shift of the order 0.1 eV in photoemission compared to
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
1
(E
−E
F) 
(eV
)
ΓΓY Z M R A Y Z B X
FIG. 1: Band structure of of purple bronze Li2Mo12O34 com-
puted within DFT-LDA approximation for the rigid structure
with parameters taken from Ref.[3]. Bands are shown along
symmetry lines in a 1eV window around the Fermi energy
EF .
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FIG. 2: Band dispersion along PK (parallel to Γ−Y halfway
inside the zone) showing that Fermi momentum kF is very
close to half of the P −K distance (at the vertical line). The
two bands crossing E − F are very close for momenta just
below kF (for details see Fig.3) but they are separated by
∼ 100 meV for |k| ≤ 1
2
|kF |. chosen because the separation
between the two bands (C and D) is the largest for this value
of kz. Notation as in Ref.[9]; C and D corresponds to bands
139 and 140 respectively.
the calculated bands. Such trends are typical, for in-
stance in ARPES on the cuprates, and can to some extent
be attributed to electron-hole interaction in the excita-
tion process [22]. The overall agreement between differ-
ent band results and photoemission is reassuring for this
complicated structure, while we now should focus on finer
details of the bands near EF .
The 1-D character of the band structure is revealed
from the comparison between Figs. 1-3. While the band
width for the bands crossing EF is of the order 2 eV
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FIG. 3: Band dispersion of the two bands crossing EF shown
along the second conducting z-direction. Because of lattice
symmetry only a half of a dispersion curve (k-values in units
of 2π/b0) is shown. Three different cuts of relevant portions
of the Brillouin zone are given.
in the y-direction, it is not larger than 0.02 eV along z
and x. These low values and the shape of the z- and
x-dispersions are of importance for a Luttinger descrip-
tion of bands close to EF [13]. It should be noted that
the in-plane band dispersion is very small, and that the
2 bands have similar but not identical shapes along the
z-direction, see Fig. 3. The dispersion is quite unusual
with minimum in the middle of the Brillouin zone in-
stead at qc = 0. This suggests that there exist not only
one but several equally important, competing hybridiza-
tion paths between different chains. A brief analysis of
the structure[21] indicates that several paths are possi-
ble. First, for the closest pair of zig-zag chains there is
a direct hopping between Mo(1) and Mo(4) sites, and an
indirect one going through Mo(2) and Mo(5) atoms. Sec-
ondly, the hopping between these pairs (of chains) always
has to go through Mo(2) atoms, while the next nearest
neighbor hopping goes through M(2) and M(5) atoms.
The direct inter-chain hopping (between Mo(1) and
Mo(4) sites) is weakened because it goes through rather
weak δ-bond, while hoppings through M(2) and M(5)
sites are enhanced because their octahedra are more dis-
torted. The cuts along different kb are nearly identi-
cal, which shows that this competition does not depend
on the momentum of the propagating wavepacket. The
amplitude of the inter-chain hopping, as computed from
band structure shows that the one dimensionality of the
compound is certain for energies above ∼ 20 meV, scale
of the bare inter-chain coupling. Below this energy the
question is open, and will be strongly dependent on how
the transverse hopping can be affected by strong corre-
lations [13].
Another check was also made by calculating the bands
for the structural a-,b-, and c-parameters corresponding
to low T. It has been reported that the thermal expan-
sion is quite unusual, where almost no expansions are
found along b and c between 0 K up to room tempera-
ture [23, 24]. A calculation for the ordered structure with
all structural a-parameters downscaled by 0.3 percent, to
correspond to the structure at 0 K, was made. The ef-
fects on the bands are very small and not important for
the properties discussed in this work. The average band
separation decreases, but the change is not significant
compared to the original band separation of the of order
30 meV.
III. THERMAL DISORDER AND ZERO-POINT
MOTION.
The previous results were obtained by assuming an
ideal periodic structure. Band structure calculations
rarely take into account thermal distortions of the lat-
tice positions. However, structural disorder due to ther-
mal vibrations is important at high T , and properties
for materials with particular fine structures in the DOS
near EF may even be affected at low T [14, 25]. Here
for purple bronze, effects of thermal fluctuations might
be pertinent on the degree of dimensionality, the band
overlap between the two bands at EF .
Phonons are excited thermally following the Bose-
Einstein occupation of the phonon density-of-states
(DOS), F (ω). The averaged atomic displacement am-
plitude, σ, can be calculated as function of T [26, 27].
The result is approximately that σ2Z → 3~ωD/2K at low
T due to zero point motion (ZPM) and σ2T → 3kBT/K at
high T (“thermal excitations”), where ωD is a weighted
average of F (ω). The force constant, K = MAω
2, where
MA is an atomic mass (here the mass of Mo is used be-
cause of its dominant role in the DOS), can be calculated
as K = d2E/du2 (E is the total energy), or it can be
taken from experiment. We use the measurements of the
phonon DOS of the related blue bronze K0.3MoO3 [28] to
estimate K and the average displacements of Mo atoms,
as will be explained later.
The individual displacements u follow a Gaussian dis-
tribution function.
g(u) = (
1
2πσ2
)3/2exp(−u2/2σ2) (1)
where σ, the standard deviation, will be a parameter in
the different sets of calculations. In order to get an es-
timate to the effect of such atomic displacements on the
band structure, each atomic site in the unit cell is as-
signed a random displacement along x, y and z following
the Gaussian distribution function. Band calculations
are made for a total of nine different disordered configu-
rations. The effects will be a shift of the band position,
to which both ZPM and thermal fluctuations contribute
and a broadening of the bands. Our calculation, in which
we will displace atoms from their natural position, will
also give information on the nature of the band, and their
sensitivity in touching a certain type of atoms.
For these investigations we have performed two types
of simulations of thermal effects: first including all atoms
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FIG. 4: The difference of average shifts of the two bands
between ordered and disordered structures as function of the
site weighted disorder parameter σW . The zero-point motion
corresponds approximately to σw lower than 0.7 means that
the two bands move closer for that disorder. Band broadening
in the case for σW ≈ 0.7, when there is no significant average
shift, is only because of internal wiggling of the bands, see fig.
5.
(treated on equal footing) and second only for atoms
around the zig-zag chain where the DOS at EF is high. In
the latter case, the distortion, σW , is averaged over those
sites only, see later. These calculations confirm, as ex-
pected from the static band structure, that mostly atoms
around the zig-zag chains contributes to observed effects.
No general correlation between the displacements of near-
est neighbors is taken into account, but extreme values of
u are limited in order to avoid that two atomic spheres
make a “head-on” collision, which of course would not
occur in the real material. Further refinements of the dis-
order could involve different disorder for different atomic
mass, and anisotropic disorder. Purple bronze is a lay-
ered material, 1D-like, and it is probable that vibrational
amplitudes are different perpendicular to the planes com-
pared to within the layers. However, such information is
missing and here we assume equal isotropic disorder for
all atom types. The present calculation already gives an
estimate of the typical effects of such atomic displace-
ments.
The broadening parameter σ depends on T and the
properties of the material. From the experimental data
in blue bronze [28] we estimate the T -dependence of σ
for purple bronze. From this we find that σZ/b0 is of the
order 0.7 percent for Mo, and thermal vibrations become
larger than σZ from about 120 K. For oxygen sites σZ/b0
is of the order 1 percent. However, as will be discussed
later the band structure is more sensitive to disorder on
the Mo sites.
Two measures of the band disorder are shown in
Figs. 4-5 as function of the weighted displacements, σW ,
calculated as the average of distortions for the 22 sites
(far from Li) with the highest N(EF ). The broadening
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FIG. 5: Internal peak-to-peak energy difference between
undistorted and distorted bands (black * band 139, red +
band 140). The green circles show the maximal difference
between the two previous values. The site weighted disorder
parameter σW is defined in the text.
for each of the two bands is calculated from the changes
in band energies (ǫ(k)) at 25 k-points, which are found
within ∼20 meV from EF in the undistorted case. The
difference between average energy shifts of the two bands
are shown in Fig. 4 as function of σW . This can be
thought as a good measure of the thermally induced ef-
fects. There are more often positive energy differences,
indicating that in average the two bands tend to separate
because of the atoms’ random displacements. The net
effect is rather weak, we predict only 10meV difference
between room and helium temperature, but it could be
observable. What is more the thermal expansion of the
crystal in b-direction in anomalously weak, so it should
not affect the above result. This outcome is quite un-
usual, but the origin of it becomes clear when one analyze
the structure of a crystal. It has been suggested [5] that
t⊥ hopping along c-axis is particularly weak in purple
bronze because of certain cancellation in hopping inte-
grals (the δ-bonds mentioned in Sec.II), when the ions
reside in a high symmetry points. Our finding puts that
statement on firm ground: we clearly notice that when
ions are slightly shifted the perpendicular hopping can
benefit noticeably.
We can gain even more information when studying the
internal behavior of the two bands separately. Measures
of the ”wiggling” of each band because of disorder are
displayed in Fig. 5. Peak-to-peak differences are given
by
∆Ejmax = |max[∆ǫ
j(kn)]−min[∆ǫ
j(kn)]|
j = 139 or 140, where ∆ǫj(kn) is the deviation in en-
ergy (with respect to undistorted band) at a certain point
kn for band j. The search for extremes goes through the
set of k-points kn (n = [1, 25]). These differences of ex-
tremes are shown for the two bands. For the largest
disorder, band 139 has changed some 100 meV at one
5k-point relative to the change of the same band at some
other k-point, however this quite large value has to be
taken with caution. In general the bands’ wiggling is of
the same order as the average difference between the two
bands (shown on Fig. 4). We suspect that the origin
of wiggling is the same as the origin of increased band
separation, namely the activation of certain overlap in-
tegrals. However, the fact that the wiggling is equally
strong as the band splitting implies, at least within naive
tight-binding interpretation, that either the inter-ladder
hopping is equally strong or that the next nearest neigh-
bor hopping is of the same order as the standard t⊥.
This second implication goes along the same lines than
the ones discussed in the context of Fig. 3.
The lower band appears to be more sensitive than the
upper band in this respect. In Fig. 5 is also shown the
maximum difference,
∆ε = max|∆ǫ139(kn)−∆ǫ
140(kn)|
It is defined as relative bands deviations at a certain
point kn. In particular case when the two bands would
change in the same way because of thermal disorder (e.g.
shift homogenously), then this last value would be equal
to the absolute value of what is shown in Fig. 4. This is
not the case, which means that the two bands will change
quite independently of each other. In other words, most
of the k-points are concerned by the energy changes, and
the wiggling of the two bands is different. The interpreta-
tion of this subtle difference, not visible within standard
DFT band structure result, is quite difficult. It implies
that bands 139 and 140 do not have identical site de-
pendence. In other words one should not naively assume
that they originate from two zig-zag chains which are
very weakly hybridized as it is commonly done in the
literature. The microscopic complexity of effective in-
teractions, at least at the lowest energy scales of order
∼ 10meV , needs to be rich.
In our calculation we have considered displacements
of all sites, but the bands at EF are mostly sensitive to
disorder of Mo sites with a high DOS. This is reflected
by calculations in which only the four Mo with the high-
est DOS are displaced 0.7 percent of b0 in a few selected
directions. When these sites are displaced perpendicu-
lar to the diagonal (~x, ~z)-direction the average band shift
(equivalent to the shifts displayed in Fig. 4 for general
disorder) is about 10 meV, while if the displacement is in
the directions parallel to the diagonal the shift is about 50
meV. The effect of movements in the ~y-directions is typi-
cally one order of magnitude smaller. This indicates that
the phonon mode whose displacements are in the plane
perpendicular to zig-zag planes with the movements in
the direction of the closest Mo neighbors, is particularly
strongly coupled to electronic liquid.
These values of energy changes can be compared with
the distance between the bands near EF in the undis-
torted case, shown above in Fig. 3 for the relevant paths
in k-space. The undistorted bands are separated by 30-
40 meV, and the two bands are confined within 10-15
meV along kx and kz . The additional wiggling for dis-
torted cases is of the same order, 20-40 meV, as seen
in Fig. 5. However, this effect coexists with a small
increase of the band separation. The band separation,
will generally increase when thermal fluctuations are at
play. This is an indication of increased electronic de-
localization within the layers towards a more 3D band
structure, but this also indicates that any disorder will
strongly affect carriers propagation along c-axis. As the
temperature increases the thermal fluctuation effects will
increase which means that, if this picture is valid, the
experimentally observed band broadening should notice-
ably increase with temperature. This becomes specially
important when thermal activation of phonons becomes
dominant at about 120 K. In addition, the relatively
rapid dispersion along ky makes the band overlap im-
portant in k-space. For instance, a band separation of
25 meV corresponds to a shift of ky of only 0.01 of the
Γ− Y distance.
IV. STATIC DISORDER
In addition to the thermal effects, on which we con-
centrated in the previous section, atomic distortions can
come from a variety of other sources. In particular imper-
fections of the crystal (from non-stoichiometry, vacancies,
site exchange etc.) should also contribute to the effect.
One can also worry about the fact that one out of ten
Li atoms are missing in the real material. The unit cell
considered here contains two Li, and the influence on the
electronic bands from the replacement of one of these
with an empty sphere (without taking structural distor-
tion into account) is moderately large. The Fermi level
goes down because one electron is removed, but if one ne-
glects the chemical potential shift he finds an increase of
the average band separation between band 139 and 140
by about 40 meV. This is comparable with largest cal-
culated effects of thermal disorder, see Fig. 4. However,
a more realistic estimate is obtained in virtual crystal
calculations where one of the Li is replaced by a virtual
atom with nuclear and electron charges of 2.8 (instead of
3.0 for the other Li). This set-up has the correct electron
count corresponding to 90 percent occupation of Li. Now
the average shifts of the two bands is much smaller, and
the wiggling of the bands are not even comparable (∼
less than half) to what is found from ZPM. Therefore it
can be expected that effects from thermal disorder will
overcome those from structural disorder in high quality
samples.
The smallness of this effect has important implications
if one looks from the 1D Luttinger liquid perspective.
The random Li vacancies are placed relatively far from
zig-zag chains where 1D liquid resides. This implies that
interaction will have Coulomb character, the small mo-
mentum exchange events shall dominate. Thus substi-
tutional disorder will have primarily forward scattering
character with an amplitude ≈ 15meV as determined
6above. This situation can be modelled as a Luttinger liq-
uid with forward disorder. In this case the spectral func-
tion is can be given [13]. This implies that substitutional
disorder cannot be invoked to explain phenomena tak-
ing place at energy scales larger than 15 meV. For these
larger energies the standard Luttinger liquid behavior is
expected.
V. SPIN FLUCTUATIONS.
In Figs. 1 and 2 it is seen that the two free-electron
like bands cross EF very close to half of the Γ − Y - or
P − K-distance along the conducting ~y-direction of the
structure. A doubling of the real space periodicity in
this direction would open a gap in the DOS near EF
and lead to a gain in total energy [29–32], suggesting
that this material might have intrinsic spin density waves
type instabilities. In strongly correlated materials solving
these question is of course complicated, specially in a low
dimensional material, since the proper spin exchanges
and quantum fluctuations have to be taken into account.
Some of these issues can be addressed at the level of
the microscopic model derived in Ref. 13. Here we look
at the possibility of such a spin instability, at the band
structure level and low temperatures, where the two- and
three- dimensional aspects of the system can a priori play
a more important role, and thus the effect of interactions
can be reduced [7]
A complete verification of how a cell doubling with
phonons or magnetic waves affects the band near EF
would require more complex band calculations, and will
be a demanding undertaking. Instead we propose at this
stage to extract information from calculations for the
104-site cell, and to apply a free electron model of the
band dispersion in the y-direction to see if at all mag-
netic fluctuations might be of interest for a band gap. We
noted that displacements of some Mo with the highest lo-
cal N(EF ) contribute much to the band distortion. But
the size of the potential shifts at these sites are limited
by rather conservative force constants. Therefore, even
if a selected phonon can contribute to a gap near EF , it
might be more effective to open gaps through spin waves
since the potential shifts in this case can diverge near a
magnetic instability. In order to estimate the strength of
the exchange enhancement on Mo we extend our calcula-
tions for the ordered structure to be spin polarized with
an anti-ferromagnetic spin arrangement of the moments
on the Mo with the highest N(EF ). This is made by
application of positive of negative magnetic fields within
the atomic spheres of two groups of four Mo in the cell
with the highest DOS.
The propensity for fluctuations of anti-ferromagnetic
moments within the cell is surprisingly large according
to the calculations. The local exchange enhancement
on Mo, corresponding to the Stoner factor for ferromag-
netism (i.e. the ratio between exchange splitting and
applied magnetic field), is close to 4.5 in calculations at
low field and temperature. The total energy E(m) is fit-
ted to a harmonic expansion of the moment amplitude
m, Em = Kmm
2, where Km is the “force constant”. In
analogy with phonon displacement amplitudes one can
estimate m2 = kBT/Km as a measure of the amplitude
of moment fluctuations [33]. While phonon distortions
u always increase with T , in a Fermi liquid framework
one expects that magnetic moments m will be quenched
at a certain T [29]. This is because of a self-supporting
process where m is a function of the exchange splitting
ξ. The latter depends on m and the local spin density,
and the mixing of states above and below EF given by
the Fermi-Dirac function will reduce m at high T , so m
and ξ can drop quite suddenly. Calculations at an elec-
tronic temperature of 200K make Km ≈ 2eV/µ
2
B. ¿From
this one can estimate that m will be of the order 0.1 µB
per Mo at room temperature corresponds to ξ ≈ 0.2eV .
Another complication is that the thermal disorder of the
lattice are mixing states across EF too, and this is an-
other diminishing factor for spin polarization. Neverthe-
less, it suggests that spin fluctuations can play a role
at low or intermediate temperatures. It is interesting to
note that the value of ξ is of the same order of magni-
tude than the superexchange parameter calculated from
the strong correlations perspective [13, 34]. If one com-
pares this value with the previously determined strength
of disorder and effects of thermal fluctuations, one would
realize that spin fluctuations play a much more promi-
nent role in the low energy physics. Such fluctuations
can potentially lead to pseudogap features in the band
dispersion, thus understanding better their properties is
an interesting challenge, clearly going way beyond the
scope of this paper. On the experimental side, there was
only one report of such large gap (∆ > 10meV ) in the
low energy spectrum [11] and in the light of more recent
experiments [12] done with the same method this finding
is highly controversial. An extremely small gap has been
observed in transport experiments [35], and probably in
STM [10], however the spin sector probed by static sus-
ceptibility [4, 36] and muon spectroscopy [37] certainly is
not gapped. Further theoretical studies are necessary to
understand this situation, where high magnetic propen-
sity does not lead to a gap for spin excitations.
VI. COMPARISON WITH ARPES
We show in this section some of the consequences of
the band structure calculated above for the ARPES data.
Note that the above calculation do not take into account
the effects of strong correlations. Thus the deviations
from the picture presented below should thus be direct
measure and consequence of such effects. This will of
course depend on the range of temperature and/or en-
ergy.
In order to simulate ARPES intensities for the free-
electron bands near EF we ignore matrix elements and
energy relaxations due to electron-hole interaction. We
7consider one-particle excitations directly from the band
occupied according to the Fermi-Dirac distribution, and
with pyramidal broadening functions for energy (exper-
imental and intrinsic broadening due to disorder) and
momentum, k. The experimental broadenings have the
same FWHM values as in the work of Wang et al, and we
chose to show cuts in momentum of the same step size as
in their work [9]. The free electron band is fitted to the
LMTO results so that EF is 0.6 eV at kF . The splitting
into two bands of ∼30 meV, is assumed constant every-
where, which is approximately true for the real bands
near EF . A linear background is added to the intensities
in order to make a more realistic display of photoemis-
sion with secondary excitations. Five cuts in momentum
below kF , in equal steps as in Ref. 9, descend to about
-0.2 eV. The five cuts appear almost equally spaced in
energy, since the the dispersion is almost linear within
the narrow energy interval.
First, as shown in Fig. 6 the band splitting of about
30 meV should be visible in the ARPES data if only the
experimental broadening functions were at work. Sec-
ondly, the broken lines in Fig. 7 show wider distributions,
because of additional broadening coming from the ther-
mal disorder of the lattice. These distributions are not
as wide as in Ref. [9]. This strongly suggests that other
physical effects (effects of interactions, static disorder due
to non-stoichiometry, spin fluctuations) are at play.
As an extreme case we can consider a cell doubling
(e.g. due to spin ordering) which would create a gap
near ky = kF . The full lines in Fig. 7 show what would
happen to the spectra if ξ in the free-electron model goes
up to about 70 meV. In this case it is seen that the band
retracts from EF , since the peaks for k closest to kF
are lower in energy than the broken lines. Far below
EF there is not much difference between full and broken
lines. In the end the presence of a gap leads to a more
non-uniform energy distribution of the five k-cuts of the
intensity. Comparison of the experimental features, with
the one obtained by such a band structure analysis could
thus be useful to investigate the low energy properties
of purple bronze, and in particular the existence of a
gap or pseudogap in the dispersion relation. The anal-
ysis in Ref. [9] revealed a T 0.6 scaling of the intensity
near EF over a wide T -interval. Ascertaining whether
this behavior at low energy comes from one dimensional
fluctuations or some pseudogap regime is an important
question.
VII. CONCLUSION.
In this paper we have reexamined the band structure
of purple bronze in the ordered lattice and found that
the main features of the bands agree well with previous
calculations and ARPES results. In particular, only two
bands cross the Fermi level. In our study we focus on
these two bands. The perpendicular interactions along
z and x (“perpendicular hoppings”) are weak and ap-
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FIG. 6: Free electron intensities for 5 k-values going from kF
in steps of 3.6 percent of Γ−Y added to an arbitrarily chosen
background. The energy and momentum resolutions ∆E and
∆k are similar to the experimental values in ref. [9]. It is
seen that a band splitting of more than ∼30 meV should be
seen in photoemission.
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FIG. 7: Calculated intensities for a band splitting of 30 meV
as in fig. 6, but where an band broadening from ZPM of ∼25
meV has been included (broken lines). One intermediate cut
with k at 1.8 percent from kF is added in this figure. The
band broadening makes the band splitting undetected. Full
lines: Including spin fluctuations as described in the text.
Note the energy lowering close to EF .
pear to lay out the conditions of TLL-like behavior of
the bands near EF , for energy down to at least 20 meV.
We have investigated whether additional effects, giv-
ing small energy distortions at these energy scales could
cause an overlap between these two bands at low T . The
energy separation between the two essentially one dimen-
sional bands increases below EF , as can be seen in Fig. 1
along the Γ − Y direction. For instance, the two con-
sidered bands are separated ∼ 0.1 eV at 0.4 eV below
EF , similarly to what is seen in ARPES at this energy
[9]. When bands are closer to EF then they are also
8closer together, however as shown in Sec.VI within single
particle picture (LDA-DFT) they should be distinguish-
able at low T provided that intrinsic disorder is not too
large and if the matrix elements for transitions from both
bands are comparable [38]. As T increases beyond ∼120
K or more, the band broadening increases because of ad-
ditional thermal disorder so that the two bands seem to
merge. We find that the thermal effects can potentially
play a role in the band separations however one has to
keep in mind the temperature dependence of the effect:
the bands becomes less and less distinguishable as the
temperature increases. There is obviously a complicated
cooperation between increase in splitting and wiggling
but in any case the following effect can be used to verify
experimentally this picture: as the temperature increases
the ARPES lines should become noticeably thicker.
Additional calculations for Li deficient purple bronze
show no important modifications of the bands crossing
EF , at least as long as it is not associated with static
disorder. Likewise the band structure for a unit cell with
modified x/y- and x/z-ratios, appropriate for the struc-
ture at room temperature, is not very different from what
is shown in Fig. 1.
Recent photoemission result of Wang et al [9], made
at low T , only detects one band at EF . The interpre-
tation of these result is still an exciting issue given the
fact that electron-electron interactions can also suppress
tunnelling and reinforce the one dimensionality of the
material [13]. What we showed in this paper is that at
a one body level, the effect of distortion of the electronic
structure, also go in the direction of a smearing of the dif-
ference between the two bands and thickening observed
ARPES spectra. Disentangling the two effects is thus
an important question, and can potentially be done by
comparing the predicted band separations, at the level of
band structure, with the actual ARPES data.
We have also explored the possibility of anti-
ferromagnetic spin fluctuations. Here, our investigations
are not complete, but our first results show surprisingly
large anti-ferromagnetic exchange enhancements on Mo
within the basic unit cell. This and other facts motivate
further studies of fluctuations within larger cells, in order
to see if they can lead to gap or pseudogap features near
EF .
It is interesting to note that the existence of thermal
fluctuations and imperfections of the atomic structure,
makes – at the band structure level – the system more
three dimensional. This effect will be in competitions
with the renormalization of the inter-chain hopping com-
ing from the electron-electron correlations. The compe-
tition between these two effects leads to an intermediate
and low temperature physics which is still mysterious in
this compound.
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